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PHBORY OF THRE FLAME KOLLER 


Introduction 


Flame Holders. A flame holder is a device for holding a flane ia 
a rapidly flowing free stream ef zs, and therely waking it possible 
to wrn in a strean of much higher velecity than 1t world otherwise 
be possible to tern in. 

The ability to bern effectively in high veloetty streams 
has lately tecone tremendously important bes.uase of the growing use 
ef all tyvea of jet prepuleion mechanisms in which most ef the warning 
scours in fairly hich velocity streams. This probles ie relatively 
sew decanee in conventional gasoline or diesel engines the stream 
velocity is effectively zero and the type of buraing encountered 
theres is entirely different from that in a flowing stream. A elear 
@istinetion is to be made between « flame holder and a terbojet 
eombustor: the turbojet cowauetor is a device used to burn in 
B® Gorettained flow reguiring all the gas to sees through the eonbuster 
whereas the flawe holder is inserted into the stream and disturbs it 
@ little az poseible while still maintsining combustion; fuel is 
ealweys injected through the conbestor tt fucl sey be injected either 
in or upetrean from a flame holder. 

A grest deal of work has undoubtedly veen done on this 
prodles by the U.S.Uavy, the U.S.Aray, and eany industrial companies 
workings under contract te them or on orivate projects; but by reason 
of its military and econcaic eapects practically nothing has been 
published evout the fundamental nature of toe process of flame holding. 





In fact, it is mot well known generally which tycesa of flame holders 
are now in greatest use and which types have been found uneuitadle; 
because most of the ones in use are employed in allitery ran jets, 
the details of vhich cannot be divulged. Although this investigetor 
is a member of the armed services, no classified information hat been 
drawn upon and the problem has been attacked on the basis of information 
svailable in the public scientific literature only. 

So far os is known most of the investigations on flene 
holders have been little more than trial and error investigations 
with little or no attempt to discover the exact nechanisa by which 
the device holds the flame. It is generally stated” that the flame 
holder, which tstally has a concave downstream surfece, doses its work 
hy ereating a turbulent wake where combustion occurs more readily than 
in the adjoining frea flowing stream, and thet this burning turbulent 
region acta as a souree of continucus ignition for the rain streas. 
A simplified drawing of a hypothetical flame holder showing the assumed 
path of the air particles and the way in which the flame spreads is 
shown in figure 1. According to Dr. Nerad the incoming gae "“rolle 
threagh the flame” snd is preheated te about 1500° F in a sanner very 
einilar to the action in a turbojet combustor. However, no quantitative 
measures of flame holder effectiveness are in use, no quantitative 
predictions for the performance ef » given size or shape are made, and 
in general it is not known what relations exist between sise, shape, 





i. After « description given by Dr. Nerad of the metal Mectric 
Company before the jet propulsion students at Rensselaer Polytechaic 
Institute in March 1947. 
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stream velocity, streaa turbulence, and the sther varictles, of which 
there ere legion. Serhaps the neerest feirly common approach te s 
mp@pature of the effectiveness of a given flnaue holder is the reporting 
of the less in tetal pressure acrose it in the stream, bat this im- 
plies that the total amount of turbulence is the sigaifieant charac~ 
teristic rather than the distridutien or arrangement ef the tarbalence, 
ah efsumption with no epsarent justification. 

The purpose of this investiestion is to discsever the funda- 
mental mechaniem by which a flame holder holds a flame. Onee these 
sigaifieant verliables are determined and the effect of aadh is under= 
stood, a basis for design will exist. 


Sembustion Studies. the most fundanents)] atudies of flans sechanisns 
are found in the work of those secientiats whe heve investizated the 
proeess of burning in the Bunsen burner, ani it was from the work of 
these pecyle that the theoretical besis for this work was taken. 
skaong the outsteniing men in this field wiose work was consulted are: 
F, A. Smith, 5. F. Piekerimg, A. Mache, Wilnele doet, and most important 
of ell, Sermard Lewis of the U. S. Bureau of Hines and Quenther won ELbe 
ef the Garnezie institute of Teshnology. “he latter two workers, in 
particular heve made notable advances in understonding the nechenism 
of combustion and bave given a functions: picture of the Runsen burner 
preecess which fer sceuracy and detail is truly romarkable. 

in a burning ga8, combustion oceurs in a narrow tone 6epa~ 


rating the unburned from the burned gases. This sone is a region of 
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intense shemical reacticn which propagates itvelf es « Huygens weve 
in a direction normal to ite surface. ‘he velocity of prepegetion 
wita respect to the stationary unburned air, ealled the "“hirning 
velocity", is coutrelled by the rate at wiich the chemical reactions 
ave induced in sucsessive ges layers by (1) ai ffusion of active 
speciss euch ag Hy, OU,RO.,, Q, amd C95 into the unburned gas, and 
(2) heat transfer inte the unburned gas, mainly by conduction. 
Tre Yuraing velooity im a still gas for most normal caseous fuels 
is in the neichborheodg of tro to fives feet per second, a figure far 
velow that essential for commation in a high velocity stream. 
 -& flame vemnines stationary in «a moving sirean, a8 in a burner, only 
because there are regions in which the flame velocity 4s equal to 
the loenl strean velocity, such regions csunily beine near the ris or 
near en obctrnuction in the stream such as the czrid cf a Neker burner. 
The barning regions contimously ignites the rewainder of the gas as 
it flews Ww, the flame sprending cat from these centers in gach a way 
that the cormal cowronent ef the gas velocity eausls the mirning 
velocits. This cives vise te a cone in the aase of the Bunsen 
warner (Fis. 2) and to am inverted ecus in the case of the simple 
flame holder (Fig. 3). ‘Tis has been well uniersteod for years and 
the ancis fornsd ty the wertex of the conc, together with the known 
velocity of the stream, has been used to deternine the burning 
velocities of the fuels. 

She new contribution of Lewis and von Elbe is «a detailed 
explanetion of how the regions of equality of ges velocity and burning 


velocity are established ia the prosess ef wurning. ‘The two 
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predominating influences ares (1) friction, which slows down the gas 
velocity near the solid wall, and (2) inhibition of the explosive 
reaction by the wall by means of (a) destructicn ef the ehsin earriers 
and (b) cooling. Thus the wall decreases toth the ges velocity and 
the burning velocity... There is alweys «a isyer of one molecule thick- 
ness at svast on the well end the gas velocity increases with the 
distances fron the wall in a manner dependent for a given gis primarily 
upon the velocity and degree of turbulence of the flew. The burning 
velocity is elso zero at the well and for a short distance fram the 
wall after which it inereases eradwally until at «a certein distance 
the well hss no further effect and the mrning velocity is 2 fonctiea 
of the fuel mixture, degrees of turbulence, wsaount of preheating, and 
other varisbles. This can be seen in the poernonenorn of Slash—back 
where the flame progresses down the tubs acainst the flow with the 
fringes trailing the central pertion and aot making centeact vith ths 
wall itself. In erdimary burning © the wall completely queaches 
the flieme for a distanee into the gas of apzroximetely 0.2 to 1.6 
eentineters from the well depending upon the type of wall, its 
temperature, and other effects. 

| bye ning 

Fiash-beck occurs when the|velocity somewhere excesds the gaa 
velocity. See Mgure h.> This condition is represented by curve 1. 





2. Guenther von Blbe end Morris Mentser, *Further Studies of the 
Stmeture and Stability of Burner Plazes*, ‘thse Journal of Chemical 
Paysies, Yol. 13. pp.89-100, 195. 


3. Bernard Lewis end Guenther von Elbe, “Stability and Structure 
of Burner Finnes*, The Journal ef Chemical “hysies, Yol. li, 
Pp. 75-97. 1943. 
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&s the flow is inereased a critics] velocity i2 veathed, curve 2, 
where the gas velocity is barely equaled by the berniag velecity aad 
fiesh-back ia just possible. With further incrense in flow the velocity 
gradient is such thet the gas welocity everywicre exceeds the burning 
welecity, curve 3, and the flame is swept out of the tube inte the 
open air. The factors that determine the critical velocity gradient 
for flssh-beck ere those that affect the burning velecity near the 
wall, nomely the condition of the wall and the mixture composition. 
Cace outside the tube the combustible cases near the 
boundary regain their inflammability end the flame estebliiches itself 
a@ negr to the rim of the burner as quenching allows. At some peint, 
the gas velocity and burning velocities are equai, and the flame 
position becomes stabilised (Fig. 5 curve 1). With increased flow 
the conimstion sere moves farther away from the rim gaining in buraing 
velocity cue te the increased distance from ths wall end ancther point 
of stability is reeched as in curve 2 Figura 5. However, the burning 
velocity vanishes toward the voundary of the stream as a result ef 
dilution of the combustible mixtures by the stmosphers and eventually 
@ vete of fiow wiil be reawhed such thet the gas vyelecity everywhere 
exeeeds the burning velocity and the fisme will ts blow off the end 
ef the burner and extinguished. Thie point is tersed *dlow-sff,* 
There is thes a critical velocity gradient at tae wall for fiass-back 
and anotser higher geredient for blow-off. Getween these critical 
gradients lies a ranze of stable operation, where increasing the flow 


mainly canses a further inclination of the flaze surfece from the 


normal to the ges stresm. 








These critical velocity gradients were calculated from the 
equations of velocity distribation im laninar flow ay Lewis and vena uive; * 
sad their experiments showad them to Be conectant over ea wide veriety of 
tube sizes and gas relocities for a given mixture composition. 


Analysis of the Problem. The salient princisle to bs taken from the 
foregoing deseristion of tha meshanism of comtustion in the Bunsen 
warner is that the contreliling faetor for fiance stabilisation is the 
gradient of cas velocity between the tenited raortion of the ges and 
that portion remaining to be ignited. For the flame holder thie means 
the gradient of velocity between the turbulent low velotity regioa in 
the waka of the obstrvetsaen sud the adjarent free flowing main stream. 
From xercéynaanis considerations one concludes that the gradieat of. 
weloaity betwoan the turbulest wake region and tea free stream shoulda 
not be o function primarily of the shape ef the downetranm surface of 
the flame holder bat mora directly of the upsireas shepe, its surface 
eondition, and the type of flow in the incoming atream. ‘This implies 
that the shane of the downstream sorfnee is of sesondary impertance 
only, 20 imlicetion not in accord with the general practice which 
apperentiy oslis only fer veriations in the trpe of cencavity on the 
@ownstrean surfaces with Little regard for the shape of the upstream 
surfaces. 

It was therefore planned that the firat step ia this investi- 


gation would be to measure the effect of the downetreas gurfesa upon 





4, Guenther von Elbe and Nerris Mentser, gp. cit. 








the flame holding ability of an obstruction in the stream, holding 
all other variables constant. Thie was done Yy constructing flame 
holders of leng slender rods with differently shaped downstrecn 
ends 30 that the flow would then be identical for all flame holders 
except 28 affected hy the shape of the downstream end. The rod was 
mounted coaxially in a pipe from which « combustible alxture of 
propane and air was blown. ignition was accomplished by applying 
a torch to the turbulent wake eddy and the result was 4 flame in 
the ehepo of an inverted cons as in Photograph 1. VUbservations were 
texmpersture distribution, and generally of all facts eusrected of 
having a bearing upon the mechaniam of flame holding. Snsed upon 
these observations a agw type of flieme holder was designed, wullt, 
and tested. 
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THE EAPERINGS 


Sinse the object of making the experinent was to deteraine 
the effect of the dewnstream surface of e flame holder upon its ability 
to hold a flame, the apperatus was designed as simply as possible te 
fulfil that primary requirezent. The experisental apparatus is shown 
in Photograph 2. Its essential parte are a blower for supplying air, 

a tank of liquid propane fer supplying gasecus fuel by evaporation, 
metering devices for measuring the rate of flow of air and fuel, a con- 
trol vaive for the air systes and another for the fuel systen, three 
flame holders consisting of three long round slender steel rods heving 
three different shapes on the downstresas surfaces. 

4&4 detailed description of the parts fellows. The relation 
of each part to the assembled apparatus is beet seen by reference to 
Photograph 2. 


Air Blover. The air blower wet a centrifugal machine designed to 
supply air to metallurgical furnaces. Its reted capacity wes one hundred 
seventy-five cubic feet of air per minute messured at atuospheris 
eonditions; tut, since the moter driving this blover was not as powerful 
as the one intended te be used, the actual output ef the blower was far 
belew the rating. It was sufficient for the purposes of this experiment, 
however. The blower was operated at thirty four hundred seventy five 
revolutions per minute and it ran quietly and with little vibration, 
delivering s supply ef air at an alaost constant back pressure of 


approximately twenty six inches of water gage. The total variation of 
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beck PresecTe vase mot more than four tenths of sa inch ef water through- 
out the wioie inresticetion regardless of tem erature, rate of flew, or 
any other vericbles; and thie wae a very ixcortent fsetor in simplifies 
the eaneurenent of air and gae flow 98 will be seen in the esminge dle~ 
eussion. Since the designed flew of air wa not teken from the blower 
it ens coustives found at low rates of flew to te im a state of pulsation, 
wat the -ulastions were wery seell in amlitude and feivly rapid se that 
we indiestion wes gwen on any of the eanonciera; aad, gore importent, 

wo effect of thie pelaation qawld te seen in the flnme although every 
effert wae mode te detect tone orange in bimming cheracteristics when 
“Plsation sat in. It is believed that the effect of the setering orifice 
and. the lorge control valve which wes yarticlly elosed at all tiaes 
ceapletely climineted the effect sf golssticn befere it rasehed the 
fleme sone. : 


Ad Metering. Aly metering vas sacouplished wy the use of a flet orifice 
Plate wailt ond installed according to the epecifientionsa ef the dserican 
Seetety of Mechanical Engineers.” Thig seasurenent is beved upon the 
messurensni of the etatie pressure drep in « sttenn of fluid ae it ccae 
werges to -199 through a restricted epentug., Tre detalia of theory, 
@eclen, ond insteliation have been worked oot very earefully oy 











§. ‘merioan Sestety of Mechanical Engincers, 
Fluid Meters 
Part 1 Theory and Application 
Part 2 Description 
Part 3 Their Installation and Selection 
My Y. See. 1951. 





a oommitése of the A. S. KM. BE. and published in e spesicel report, se 
these details are not >reseated hera. ‘The oriPlee vas installed in 

a three inch brass pipe; end the crifice dlameter was 1.53] inches. 
Pressure taps were installed about one half inch from the orifiee plate, 
as specified for "flange tape". Pressures vere measured with an inelined 
manometer whieh could be read aecurately to = hundredth of en inch of 
water. Variations of temperature and pressure observed in the air ersten 
@auring all types of operation vere not creat enough te sake significant 
ehanges in the indications of the metering system, and therefore the gas 
was considered to te atmospheric air in the calculations. The neterlag 
eyeten os installed and used should give measurements of weisht flow 
apcurate to less then three percent. 


Gentrel Valve. The control valve was s threes inch gate velve instelled 
twenty-five inches downstream from the uetering orifice plate and nine 
Anches downstream from the point ef fuel injection. In apite of ite 
large sise this walwe wes a very sensitive control device enabling 

the operator to centrol the flow within less than 9,005 inches of water- 
ead on the differential manometer. In addition to sentrolling the rate 
ef flow of combustion mixture, this valve perforsed the essential 
ereatead downstream fros the valve. No difficulty was encountered as 

@ result of bad mixing. 


. 
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Fuel “uwoly. The fuel used was propane gos, CH sold under the trade 
name of “Pyrefax" end, supplied im liquid ferm in tanke. This fuel has 
m Wapor pressure of eapproxiaately 120 lbs./sq.in. et room temperature 
and. therefore furnished a convenient fael suprly when obtained eam 
mereially in the form generally #014 fer rural home cooking end heating. 
Some of the tertinent quaandna ob qed wie eee 
lated below. 


BTU per peund 22,500 


Sp. GF. (air = 1.0) 4.56 
RB, P, ak? ¥ 
Critical Pressure 66.1 1»./9q.in. 


Ratio of Specific a 1.253 

Vapor Pressure at € 132 1b./sqein. 
A pressure reducing valve of the type generally used on acetylese tanks 
in welding operations was installed in the fuel line te sentrol the feel 
pressre, ond it maintained the pressure nearly constant bot with slight 
fluctuations. These flactuations are believed te haws caused sinllar 
variations of small amplitude in the flange size snd intensity. ‘Sinse 
readings at blow-off ceuld be repeated many times with alwost identical 
results, it is believed that these very emall fluctuations had no 
serious effect on the sceuracy. A aueall copper pire led fron the fuel 
tank to the main air line and the fuel wes injected against the sir flew 
ty a bent pipe inside the air line as shown in Figure 6. The fuel system 
a8 a wicle constituted a metering device wrich was wery reliable once 





6 Rete furnished by the supplier. 
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it had been eorrestly calibrated, bat the collbratien waa one of the 
most difficult parte of the measurement. it was carried ent as fallows. 
To the handle of the feel esztrol valve was welded » pointer 
which made contact with - positive step device installed on the bedy 
of the valve in such a way that this control valve could be opened te 
exactly tho same place repestedly. the tine was then sensured for ane 
pound of fael to flew oat through the system fer a series of specified 
pressures in the fuel line. This date is tabulated im appendix A. 
Sines the pressure in the air system to which thia fuel discharged 
remained eonstant by virtue of the blower cheracteristics and the fret 
that the stream veloeity was 89 low that the impact preesure had 20 
significant effect, the pressure in the fuel line was the only con- 
trolling effect, provided the temperature of the fuel in the tank did 
not drop too far. It was found thet with long continued miraing 
evaporation cooling caused the temperature to f21]1 so lew that the 
density ond viseosity of the gas were chenged; this allowed a greater 
weight ef fuel to flow per unit tine then vith normal reom temperature 
gas even though the pressures in the fuel line were the same. Finally, 
however it wes deterained that the yerintion from normal wae not im- 
portant if the vapor pressure in the tenk vere kapt between 120 and 105 
le. /eq.in., the vapor pressure being a measure of the teaperature. 
By observing this precaution very acoursie ceasurenents could be mcde 
as will be seen frea the tabulated tines in appendix A, and from these 
mensurenents the fuel ealibration curves, Curve I, was made up. 
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Thereafter with the use of this eurve, knowing the pregsure im the fuel 
line, #09 could pick off aceurately the weirht rate of flow of fuel, 
keeping in mind ell the time thet the reser pressure in the tank wast 

be maintsined between 105 aad 12) lb./sq.in. Tue to the difficulty 
encountered in the fuel calibration end the fect that the ealibration 
ourve finsliy ebtained was almost a straight line eontrary te expectation, 
this calivration was checked and rechecked several tines during the course 
ef the investigation, and wae repeatedly verified. Gonsequently it is 
believed that ty itn ene wenp aommnibetetwmumesehis 46 te tach wide 
rate were obtained. It will be seen that great accurney in this measure- 
meat is essential to the correct meneurezent of the blow-off velecities. 


Figue Holders. The flese holders were constricted of steel rods of 
diameter = ©,2475 inches and length = thirty six inches. These flene 
heléers were woonted ceaxially in a one-inch pipe three feet leng iz- 
etalled eight inches dovastresn from the large contre) valve. They were 
held in place by set serews located one foot and two feet from the down- 
strean ond. Theee set screws together with the control vairs insured 
a high decree of turdulence in the air stream. For all the recorded 
puns, the ends of the flame holders protruded one-half inch fron the end 
of the one-ingh pipe, pat it was observed that no seagmrabvle change {a 
performance cecarred when the end of the rod was wowed fram the plane of 


the end of the pipe to a plane cae inch dowstreas from the pipe. 
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Zeupersture end Fressure Measurements. 4 sliding rack device to vhich 
was atisched a chromelealamel thermeccuvia uma used for a tenporature 


probe of the combustion region. See appendix A fer tebulation. ‘Twe 
eGales were abteched te the rack: the "x" sesle which measured tc ene 
sixteenth of an inch was used to messure the distance dounstrean frou 

the end of the flame holder; and the"y"® seale which measured thouesndthe 
of feet was used to measure distsoces vervendicular to the flow. It was 
very dizfieult to nsistain a stable fleme at teaperatures iow encugh 

for the use of a thermocouple and this factor severely limited thy 
amount of information that could be obtained by thie method. The results 
obtained are questionable because of (1) the long exposure of the thersce 
couple and its fittings to temperatures near the theraccouple's rexiauns 
limiting texperatere, and (2) the probability that the presence of 

the thermocouple nitered the structures of ths flame, (3) radiation errors. 
Hovever, in spite of prohable imaccuracies sone very interesting infor- 
mation shout the temperature distribution in the flame cone wes obtcined 
anéd ie chown in Carve 11. A pressure probe was made using an inpsct 
tube installed in the same sliding reek, vith doubtful results. isvere 
temperatures also lisited the accuracy of these sensnrenents. Tesperature 
and pressure seesurements were unde in conjunetion with Lieut. Comdr. 
Oitwer 5. Compton, U.S.N. who prepered Ourve Ili from raw date obtained 
Jointly. 





Sehlieren.  ‘Sehlieren photographs wore mate by Capt. Reseell Herringten,U. 5.4. 
fer the curpose of showing the flow around the dewmstream ende of the Slane 
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holders. The welecity of air avellable wea ast sufficient to aske the 
requisite density changes, howerer, and that flow was not revealed. 

fwo interesting sehlieren photegraths ere vresented thet do shew something 
about the flow of the streem af a whele. Photagraph 12 shows the shape 
and divergence of the emerging streae without burning. 14 was made by 
heating the sir in the one-inch pipe with a gasoline toreh which caused 
eafficient density change to register on the schlieren apparatus. Fhaetee 
graph 13 shows the flame cone very clearly. Yote the extrese turbulence, 
the divergence ahesd of the flame, the distance between the flene holder 
end the flame. Baekground heat waves ere those drifting past in the 
atmosphere from the heated one-inch pipe and have no bearing on the flame 
process. oth photegraphs were made st 1/30,000 second stopping the 
photographed with oréinary shutter speeds sre not at all a true picture 
ef the turning precess. 


Observations of Blow-off. The main observations were those intended to 
measure the rate of flow at the instant of blow-off fren each of the 
three flome holders over a range of mixture compositions. A study of 
the fuel characteristics wae not intended and the great importance of 
the conposition ef the burning mixture ie eolely due to the fact that 

the composition profoundly affects the burning characteristics. Therefere, 
the only sound basis of comparisen of the threc flame holdars was compari- 
sen for the game mixture, and this could be accomplished with the experi- 
mental set-up in use only dy mtasurenents ower a renge of mixtures. 


It should be held constantly in sind in evaluating the results of this 
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inveatication that deteraination of the absolute performance of the 
three flane holders was not the primary object, but deteraination of 
relative performance emong the thres was the goal. Due to thie fact, 
system orrors spplying equally te sach of the three surfaces would not 
effect the conclusions drawn. This ie not to be taken as an iuplication 
that eny of the measurements sre inaccurate except as noted or that any 
were carelessly done. 

ignition wes accomplished ty blowing a fairly rich aixture 
past the fleme holder at a low vwelecity and holding a flaming wad of 
waste near the turbulent region immediately downstreas from the flame 
holder. After ignition the flew could be inereased and the anizture 
eould be changeé at will within the mixture limite of inflemmabdility 
end tho flow limits of stability. ‘The appearance of nornel sixture 
turning, one neither "rich* or "lean", frox the fla$ ended rod is seen 
in Photograph 1. The pipe ond flame heléer are visible at the left 
edge of the ploture, which fe slightly larger than life-sise. Hote that 
the flase does not make oontect with the satel tut it becomes luminous af 
a distance of approximately 0.1 inches away from it apparently ae a result 
@f the quenching sffest of the metal. ‘“ovever, the luninous region is 
not necesssrily the uost reective region, since a large percentage of 
the reaction may occur ahead of the lusinove region.’ ‘the sverage 
velecity of the stream in this picture is about thirty-seven feet per 
second, and at thie velocity the flame front is very nearly parallel 





7. As deveribed by Dr. Herad of the Generel lectric Company before the 
jet propolaion students at Beneseleer Polytechnic institute in Zareh 10h7. 
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to the flow for ea distanes of two or threc ficeme holder diameters dewstroees 
from the flame holder, et which point it becins to diverge in a curvatore 
that increases with distance dewastrean. The Pussy abmornel lumps on the 
cone surface near the base of the cone are due to a dowzhaut shaped 
turbulent region created ty the outside ates phere making eddies around 
the rapidly flowing main streas. “his phesonenon sen be seen better in 
Photograph 11 taken at ea much iower rete of flew so that thie tarbulent 
annular vortex has moved closer te the pipe entirely obscuring most of 
the divergent eection of the cone which s$11) exists inside the doughant. 
When flew is decreased sufficiently this vertex moves back untill it 
sakes conteet with the edge of the pipe and forms a Janson burner type 
ef flex, sovetinvas with the divergent conse fron the flase holder stili 
im place end burning vell. However, this roll of turbulent outeide air 
is a function of the pipe edge and the azbient etmosphere rather than 
ef tha flame holder and no particular study haa been given to it. It is 
werthy of note, however, that the mexias flase temperature appeers te 
be located within the cone afijacent to this vortex. 

Phetegraph 5 shows a flame likes that of Photograph 1 in every 
respect except that the mixture 1s leon. Although the velocity is st111 
about three tenthe of an inch, ond the flame front at first converges 
instead of remaining parallel. The sheye of the turbulent region just 
downstresn of the fleme holder is clearly visible due to the low intensity 
ef the fiame surrounding 13. ‘the angle of divergence in the lower part 
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ef the cone is much ecealler for the lean zixture then for the normel, 
and in ceneral the lesinesity is not 20 creat. ‘Temperature measureaents 
show the texperature to be far lower elso. 

Photographs 6 1s similar to Photocraphs 1 and 5 exeept that it 
is a rich mixture burning at the seve velocity. Mote the sherply out- 
lined turbalent region, the very narrow neck in the flame, end the lev 
lusinosity. Once intenes burning was sturted, os it was in the vertex 
at the right of the pieturs, luminosity and tenperature vere high. it is 
possible at times te canse this flame te neck down until it separates 
entirely vith a dark epece between the burning at the tio of the flame 
holder «né the burning at the base of the cone, but thie is am unstable 
situstion that ean be maintained only for a moment. It is probable that 
@ regicen of high chemical reactivity; introduction of any measuring 
device soch as a thermocouple served caly io disrupt tae flow pettern 

Fhotegraph 7 shows the type of flame obtained with a normal 
mixture ot higher welecities, this one being at avprexinately sizty-five 
feat cer second. Although the end of the flame holder ennnot be seen 
fan the cicture ite position ean be accurately judged from the foregoing 
photocraphs. Photegreph & shows the cone from the ronnd ended flame 
bolder at very low velocity, apvroxiastely three feet per second. In 
this pictures the angle of the cone can clearly ve seen to be larger 
than before. Tote the slight eurvature at the upstream edge of the flape; 
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this is believed to Be a result of the outward radial flow from a tiny 
vortex in the weke of the flame holder. The flaae frea tae flict or 
eoncave surface is essentially the same in appearance os thie flass 
from the round ended red, 

Gne phenomenon not apparent from the photogranhs but readily 
visibie to the eya 4s the variation of eoler with nixteare. The flame 
4a light blue for a iean mixture becoming sore luminous but remaining 
Blue as wore fuel is added to the aixture. then sufficient fuel is added 
to eause the necking down shown fa Photograc: 6, the color ehanges to 
ereen in that narrow region and regains the noraal dlue color in the 
more iusizous region downstreas. This groan color 1s believed te be 
due to the presence of exeited fermaidenyde in the flame, a manifestation 
ef the so-called *eocl flame" reported in the literature of shemical 
kinetics.” 

The rates of flow at blow-ef! were seasured by setting a given 
weight flow of fuel as previously described in the calibration discussion 
and incressing the flew of air until the flame blew off the ené of the 
flame wider, The reading of the inclined manometer at that instant 
gave the rats of air flow and this could be combined with the rate of 
fuel flew to give the total rate, the alxture composition, and together 
with the ares of tre anwelar opening, an sverace velocity. Tolume rates 
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of flow were used in the repert instead of velocities in order te avoid 
the complications arising out of the velocity profile; since volume 

rates were cxantly proportional to aversze velocities, the sise of ths 
exit ovening remaining constent, this parameter vas measure of performance 
equally a8 good as velocity would have deen. 

It was possible to get very consgisteut readings once the fuel 
ealibration problem had been solved and the technique ef controlling 
the flaps had been acquired by practice. The raw experizental date is 
listed in appendiz A and examination of the deviations in the readings 
wil. give some idea of the reproducibility poesible. However the range 
in which this reproducibility was obtained was strictly lisited, and no 
readings were reported outside of this range. At the epper flow the 
limit was cauveed by the fact that the flame instead of blowing off at 
a definite velocity would gradually decrease in intensity and sise wiile 
raw fuel was blown through it and into the etmosphere without turning, 
If this process were allowed to go to completion the flase would disinish 
until only a very tiny tip buag conto the end of the flame holder ex- 
tending about two diameters downstream thacfron. Fartherazore, at rates 
above a certain definite value for sach mixture marked instability of 
the flane set in eausing the manometer to fluctuate wildly over a renge 
of about six tenths of an inch. In order to avoid errors from these 
causes, the highest reported deta wes taken at a rate of flow apprexi- 
mately 75 of the rate at whieh it could first be observed that raw fuel 





wae escaping. There is no certain way of knowing that complete conbmsticn 
took place under that condition but it is considered to be a conservative 
approximation. The lower limit was set ty the ection of the lerge turtue- 
leat vortex at the base of the gone which moved upstream until it aade 
eontact with the pipe rim and formed a Bunsen burner type flane. Between 
these linits wery consistent results could be obtained. The raw data 
were converted as shown in appendix inte the fora plotted in Ourwe II, 

Qne or tve other ebservations of the action of this flame 
should de noted. It was observed that at the instant whea the flame blew 
eff, the differential head acroas the netering orifice incressed by 
appreximately 6.1 te 0.3 imches of water depending upon the rate of flow. 
This indicated that the back pressure caused by the flame was sufficient 
te retard the flow by that amount. Additional evidence of the presence 
ef back pressure from the flame is seen in the divergence of the streaz 
prior to entering the flame while the normel divergence without burning 
ie much smaller. Photographs 9 eni 10 show this divergence very clearly 
ty the path of the emcke particles introduced et the edge of the streen. 
Photograph 10 was taken at a rate of flow approximately half that of 
Photograph 9 and the effect is more marked in the slower stream. 

Another observation that could not be photographed was the 
presence et tines of a tiny vortex visible in the turbulent region 
immediately downstream from the flame holder in the apex of the dark 
region seen in Fhotegraph 5. Thies wortex had the appearanes of a bali 
of fire about a tenth ef an inch in thickness and twice as long in a rapid 
flew as if the streamlines were pessing sround and through a doughmt, 
revercine direction twice. 
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LETS RET AT LON 


The most significant information obtained in thie inveatigatioa 
can be read from Gurwe Il, the plet of the mixture composition versus 
the rate cf flow at. blew-off. The flat surface is seen at once to have 
& peuiintecsam identiegal with that of the concave surface, an observation 
remarkadie in view of the practically universal use of a conceve down- 
stream surfsce in flame holders. Contrary to criginal expectation on 
the besis of ogual velocity zradients fron the three different rods, 
the performenee of the round-ended rod.was net as good as that of the 
other two. ‘he divergence is greater than appears at first glance at 
the eurves duc te their flat sieps. Thus for a given mixture in the 
lean rence the rate of flew at blow-off from the flat and concave sur- 
faces is thirty to fifty pereent greater than for the rounded surface 
even thoucgh the curves lie very close together. The flat nature of these 
OF ee ey yh trp ee) 
since a change of the fuel-to-sir ratio from six hundredths to seven 
handredths more then doubles the rate of flow at blow-off. 

fhe identity of the enrvea for fiat and concave surfaces weli 
sapporte the theory that the significant characteristic of flew fer 
stable turning is the velocity gradient in the streams; and it is 
believed that the performance of the rounied surface can aleo be explained 
on the basis of this theery. 

A& low rates of flew with the rounded surface it was observed 
that the flame did not originate from the outside radius of the rod but 
from a point on the curved surface such thet the diameter of the tube of 
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fleme near the surface was emaller then the full radius of the rod. See 
Photograph 11. Evidenee from the preseure prebe alee supports this obd- 
servation, ‘Thus due te the lecetion of the point of separation of flow 
the size of the flame holder was effectively reduced. See Figure 7. 
Since the velocity gradient is deterzines Ww the area over which friction 
forees act to retard the flow near the surface, a rod of sualler radius 
would produce a higher velocity gradient than one of larger radius vith 
Gee Gand Guba Ef Chew, ak Getter: ‘e weds Gens Ge % 
blow-off at a lower rate of flow with a smaller radius. This is in 
accord with observations. 

if this were the only factor at work it eoald be expseted that 
et the rate of flow increased and the point ef separation soved out end 
around the curved surface toward the full radius that the performance of 
in creed enh chanle neve nearly aqyeunth theb Gee Se Thad ond Outmene 
ends. ‘This was not obeerved. It may be that the accuracy of the measure- 
mente and the limited range reperted are not sufficient to show sugh 
a trend if it exists, tat a plausible explanation ocean alse be found ia 
the atudy of velocity cradients around a exnhere, since the share of the 
rounded flaxe holder surfece was appreximeiely hemispherical.. Figure § 
after Dodge and Thompson’ shows how the velocity profile veries ven 
a Stream separates on such a surface. ‘he point of separation is always 
a point of sere velocity gradient at the surface, but the size of the 
region of zoro gradient is apparently teo emall te hold a flame for 





9. Seq Mechanics, “otraw-liill Sock Company, Ine., 
Rew York and Londen, 1937, 
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otherwise one could elways bvra wherever eevaraticn cecurred. The velocity 
gtadients surrounding such points aust be too great at high rates of flew 
to allow retention of flame. ‘ownstream from the point ef separation 
there is a reverse flow close to the surface wilie farther from the sur- 
face the flow goeu downstream. An indication of the existence of such 
a back flow on the rounded surface is the curvature of the forward eigs 
ef the flase in Photograph The welocity gradient nesr tha envelope 
enclosing this reverse eddy must be mich greater than it would have been 
without the reversal of flow. Thus another facter tending to preduce 

a higher velocity gradient for the seme rate of flow is seen to be at 
work. The effect of thie reverse flow increases with the rete of flow 
because the reverse flow is directed more nearly upstrean as the sepeo 
ration point moves toward the full radius and meanvhile the magni tudes 
ef the velocities of the main stream and the back flow beth increase; 
while the first cause, effective decrease in diameter of flame holder, 
decreases with increased rates of flew. jiow the two effecte balance 
eut cannot be surely said from these measurements but the indication is 
that in this flow range the rate of increase of one ie about offeet ty 
the rates of decrease of the other. 

The game type of back flow exists with the flat and concave 
garfaces as with the round one except that the bask flow never een point 
wpstream near the separation envelope as with the round surface and 
therefore the effect should be lese severe. For the flat end the maxi- 
man engle at which the two flows could merge is ninety degress. ‘See 
Figure 9. Fhotegraphs indicate the existence of thie flew ty the sane 
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curvatures at the leading edge of the flame. Practically identiee] ebeer- 
vations were ande for the coneave surfaces, which indicates that the back 
flow aunt not have been ciroulating besk into the coneavity and energing 
practically teraliel te the asin streae as sight be expected, wat must 

have beon taking some euch course ae shoun in Figure 16 aus to = pocket 

ef wore or leas stagnant sir in the concavity. This could explain wy 

4% beheved exactly as the fiat ended rod, 

The above close description of the back eddy flew cannct be 
aid with oertisinty to have occurred as deosribed mt there is evidence 
ines he Rarenats, Gees tis eh el Guin ee 
flews did secer. On that Basie it is ressonatle to assuee thet with 
a larger concave flame holder and with hicher velocities the eddy flow 
might cireslete through the concavity and eserze almost varnliel to the 
mein flow with eoneiderablie velocliy tims reducing the welecity craftiesat 
end reguitiag in a batter flowe holder than a flat end of the some siss. 
Hoyever, this might produce a acre severe velocity gradient within the 
edfy ockin< the performance worse. Thia conjecture can be settled saly 
by careful and detailed investigation of suck # flow. : 

The velocity gradients at tleroff were not reported for the 
Teaser thst they could net be determined. in the work of most workers 
eendition the credieat een be found as fallows. The welocity distribution 
in the dounmdary layer of a fat plate for lawinar flew is given vy 
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12. For further evidence from the water tablé about the flow in the back 
eddy, see Addendum No.1, p.35. 
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where G@ ia the velocity at any point, & is the velocity in the free 
stream, y is the distance from the flat plate, Sis the total thickness 
ef the voundary layer. Yor a pipe this Hf can be teken as the morimes 
velocity in the axis of the pipe since the whole flow is boundary layer, 
and 5 corresponds to the radius ef the vipe. Differentiating with 
reapect to r, end taking the limit se r apprornches 8, the redius of the 
pipe, one odtains the gradient at the surfece of the pipe: 
al 8). ae 
where ¥ is the volume rate with tise. A sinllar operation will yielé 
the velue of the rate of change ef velocity with © for en annular space. 
However, in the case of a turbulent bourdary leyer the exz- 
pression for the distribution of yvelecity with distanee is 


== 3(3)1 


it atone 
which differeatiates to sero, According to this relation the rate of 


change ef velocity with distance from the wall is sero «ct the wall, 
6 seaninziess statement for this practical problem. “Ather the above 
the point at wiich the gradient is significant fer pursoses cf this 
investication is at some small unknown distance removed from the wali. 
Although the actual velecity gradient cannot be determined for this 
experiment it gan be safely said that for a given rate of flow in the 
apparatus used the weleocity gradient will be the sane for all three 








flame holders ezeept as noted for the rounded surface; and, to repeat, 
1¢ is the comperative performance thet is sought, not the abeolute per=- 
formance. 

The temperature measurements préesented in Curve Illare suse 
euutet of inenetsesian dpe to Lahanee beck 00 Meenaemaiae tibtteme, 
long expogure to high temperature, radiation errors, and the probability 
Ghat the poenanse of the thavenseugis alters siscaters 4f ths flat aunt. 
deyever, the isotheras are undoubtedly sp,roxXiaately correct and show 
definitely that praatically all the tenperature rise cecurs in a very 
narrow zone located approximately where the luminous flase cone is 
located. ——— ee 
wat the amount of rise or its extent in space is sot reliably shown in 
Gurve II). “he low temperatures region imaedictely downstream froa the 
flame holder is probably the preheated nixture that hae vassed through 
the flame sone without berning and will later emerge snd burn nesr the 
envelope where the turbulent region mects the free stream. So good 
explanation is given for the anmlar region of highest teapernturs near 
the base of the cons. 

She pressure prove of the flame region gave unreliable resulta 
@ae to the fact that the equipment could not withstand the high tempera- 
pure and thet it disturbed the structure of the flame. Also the meaning 
of impact pressure is not clear since there is uncertainty regarding 
the static pressure distrimtion in the reaction zene. The oaly reascnae 
bly clear fact exerging from the pressure probe i¢ that in general the 
total pressure is comewhsat less downstrean from the flane cone than 
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upstream. Iscbare appesr to rum parallel te the flame front. 

This is in accord with the previous observations that a back 
pressure was created by the combustion resction that retarded the flow 
anf cansed divergence of the strean. The canse’” of the back pressure 
is believed to be due te the reaction force from the expanding and ac- 
eelerating cas az it passes through the high tenperature gradient in the 
flame cone, the component of this foros parallel to the flew producing 
reterdstion and the normel component producing divergence. The question 
arigee whether the pressure drop acress a flaze sone so cften referred to 
as the “loss of pressure dus to burning" hy combustion investigaters in 
the jet field is a reol loss or only an apparent lees due to the teek 
pres#ure created ty burning. 

The fast thst the flame origins«s seme distance from the steel 
flane holder rather then at its surface is interpreted to be an indication 
ef quenching by adsorption of the active species and by cooling. This 
action is believed to have much significance in the flame holder process. 
it will surely liait the sise to which flame holders can te redueed for 
when the totel turbulent region is within the distanee of total quenching 
mo flame con possibly he retained. Furthermore it appears from the 
observations that the quenching distance increases with increased flow. 
The exact explanation of thia is not at oresent understood and a full 








16. KE. F. Fiook, “Genbustion Fesearch*, chenient . fer 
Research, =4. dy Surk and Grumait, Interscience ate > 


and SG. vou Elbe and M. Menteser, "Purther Studies of the 8truecture of 
Farner Flenea,"the Jeoragl of Ghoniesl Physics, Yol. 13, 1945. 
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deecription of the burning preecess cannot be nade without that under- 
standing. it should be observed that with rates of flow so low that 
the end of the fisme holder became hot the flame cone after a long tine 
warning would back up over the edge ef the flase holder and hang on to 
the hot cylin¢rieal surfeee. After tims heating the rod further it 
would continue to creep upstream being anchored by the het surface of 
affects the quenching ection and hew important quenching is to the action 
ef the flame. 

In view ef its importence a brief description of the chenieal 
kinetios of the quenching action is given. Uydrocarboa and exygen mole- 
@ales do not react directly in the combustion process but go through 
a series of stepo involving free redieris. A typieal branching chein 
werkes leading to explosion is given. Kote the initiation ty a free 
Fadical. 

H+ = OHO 
The products of this reaction then react cs follows 
OH+H, © H,OtE 


of a, s OH +t 


This O U then reacts with hydregen 
G+ k, = H,O+H8 


11. von Elbe and Lewis, The Journal of Chemical Physics, Vol.10, p.366, 
i942, 
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After this series of steps net only the original hydrecerbon etonm 
reanins mt alse two more hydrocarbons in addition to it, all eapeble 
of initiating a new chein whick fm turn branches agein. ‘Jf this precess 
were to continue unchecked the aixture would explode in a matter of 
microseconds. All the branches and the original chain can be suppressed 
by suffictently rapid ehcin breaking processes. One of the many woys in 
which this any tbe done ia by the presence cf a third body, either oan 
inert molecule, a wall, or any good anceptor of energy. In the presence 
ef a third body, M, the follewing reaction may cocur 


Z*G,+ 4 = EO, 78 


The third body asts is this reaction to sccespt the bond energy released 
with the union of # end 0, for unless that energy can be diesipated 
the 1 ©. particle flies spart after » brief interval. shen the last 
reaction ocqura the chain is breken by the removal of the chain carrier, 
H. This is one way in which a wall can inhibit a reaction. Another 
way is by adsorption ef the active species.te the wall where they react 

The nature of the surface affects the quenching properties 
prefoundly, - fact that makes surface trostment a reasonably promising 
field for promoting combustion near surfaces. 
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Summary. ‘from the stady of the mechentam of combustion in the Bunsen 
warner, 16 epoezred that the critical charscteristic of flow for stable 
flames was the velocity eradient between the ignited and unignited gas. 
Aa experiment wes then performed to determine whether three differently 
shaped fieme holders would cive the sane performance if the velocity 
gradient were held constant. The flat and concave downstreen surfaces 
gave identice! results; the hemispherical surface gave poorer performsace, 
wat {t wes determined that for this case the vwelecity gradient had not 
been held constent, and an explanation of the performanee involving the 
mayement <f the point of separation of flow baa been siven that is fin 
accord with the theory of weloecity gradients. 

A pieture of the flame holder mecusnisom en determined fron 
this investicetion ie given in review. A turbulent region is crested 
downetream fron the flame holder where comtustion is promoted by the 
lew veloeity and turbulence and inhibited in the layers adjacent to 
the flase holder ty the cuesching effect of the metal wall. Tr the 
eredient of velocity between the burning turmlent region end the outside 
free strenn is net teo great the flame will spread radially preducing 
an inverted cone whose vortex ia twice the angle whose tangent is the 
vurning velocity divided by the gas velocity. The turning velocity 
éepends primarily upon aixtars, proximity to a wall, turbulence, and 
secondarily upon preheating and other veriebles. The coubustion reaction 
is completed in a very short space, less then 0.2 inches in this 
experinent, and a very high temperature gradient exiets through thia space. 
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The flame reaction creates a beak pressure which retards the flow aad 
causes the stream te diverge ahead ef the flemse. The total pressure 
downstream from the flame is lower than that ebove it by an unknown 

amount and for reesone not cleerly knewn. 


The limitations of this study ere manifold in the respect that sany of 
‘iy Luperbent Cartekies eeuld net be seve Gaumgily temeriges Gn 
te lack of time or equipment. rimary among the slighted fasters are 
thereumcs end seceurate temperature and pressure traverses, without which 
the complete picture of the flaue mecheniom can never ve worked out. 

A lavtger fleme holder would have simplified making theses traverses since 
email disturbances of the flaee structure would be less iwportant in 

a isrge flame, bet the high tenperntures constitute an unavoidable 
prebies. A thoreugh spectroscopic sepping of the tempereture would be 
far superior to any thermccourle measurements since there would be no 
@isturbsnce to the flaue and ne surfzee effect. Pressure traverses 
Gould be mede with a wery fine steel impact tube. With a larger flame 
heléer also the schlieren wothod may tell nore since high encuzh velocities 
might be cbtcined with a larger device to enable the sehlieren te pick up 
the exact flow pattern around the end of the fleme holder. It might have 
been revesling to have the remainder of the nixture-vereus-flov at 
vlew-off curves, but for comparing the three fleme holders it does not 
eecen of primary importance. A thorough study of the back preasare of 
the flinme s8 a function ef the flow rete and durning rate could be made 
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fairly simply if time permitted, and should be very informative. 

One of the things most needed is 2 means of tracisg out 
the stresmlines of flow throngh the viele region in a manner eizilur 
to the mopping of the Bunsen flame by Lewis end von lve. During the 
present investigation repeated atteapts were made to recerd photegraphically 
the tracks of iliumineted perticles of telecum powder anid magnesiua carteonate; 
and, although s light seuree of appreximtely four sillion lumens was 
placed within xix inches of the stream, the pathe could not he resorded 
with available photographic equipment at the velocities of interest in 
the investigation. It would be « natural next step te build a larger 
flame holder eapabdle cf wareing at hicher velocities in order te see if 
the flat and concave surfaces cive the caze resuits at higher velocities. 
The aerodynasic effect of the desizn of the upstream surface upon velocity 
gvedient and the resulting perfermence should be investigated. Also 
the effect of the type of flow in the stream upen the flame holder should 
be studied. Yor instance, is 2 thicker boundary lever sad detter per- 
formance obtained when the flame holder is piseed in a diverging stream 
rather of « constant ares or a converging strean? What ie the effect 
of introducing fuel inte the turbulent regions in the woke of the flane 
holder rather than upstrean from it? Obviously, the preblem of the 
Uheory of the flaue holder has cally deen cpened in thie investigation. 
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further evidence that the back flow in the turbulent region 
of the cenceve Tleae holder did not eireulnte through the concavity wae 
ohteined subsequent to the experiuents previously deseribed from the 
water table designed and constructed et the \ensselaer Polytechnic 
Institute wr Lisutenent Vommander Robert A. Thompson, &.5.9., snd 
ideutensat Ceamander Howard ». Smolin, U.1.). Yor a detailed discussion 
ef the anslesy of water flow to air flow aee their paper “The Theory, 
Genstruction, eni Application of the “eter "able." The flow on this 
table corresponds to the flow of a ene huving a ratic ef specific hests 
equal to 2.0, ané due to surface foam fros the wetting agent gives 
a wonderfal vious nicture of aimcet any desired flow pattern. 

Using a wood soda] of the sexe sie.s a8 the oross section of 
the congeve flame holder earlier icvestignied, flews renging from 
a Hach somber of prastionlly sero to a Noch mmber ef spprovinately 
three were cocervwed; end it wes found taet the main tarbulent eddies 
aid eet omter the concavity eat any tine. This corresponds to flow 
without ienition around thie flame holder. AS low Mach numbers, below 
about seven or sight tenths, the eddies im the wake appeared wery sini- 
las to thoes tehind « flat surface; end at higher Koch nusbers the 
edties flattened slong a very flet straight line perpendicular te the 
main stress from one downstrean tip to the other. The eagle at which 
the eddy current merged with the free strenu was at ali tines very 
nearly nincty degrece. The flow was preotically identies! with the 
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flow previously described as srobable emt totared in Figure 10, 
Slight <4iffseion into the “*stingnont region’ woe obeerved, tut the anin 

This oaase that the concave flame Holder comlé be expected 
all ranges of atreasi velocity. The only sigsificent feeter that sight 
ebance this axpectation is that the coneswliy offers 4 loreer lew 
welecity sertelent region te retein flames Wun a flat ended fine 
kEevt. 
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AIR FLOW 


Er SS See eee 


Fuel Pressure = 2.5 1b./6q.in. 
Concave Round Flat 
Of Cas Ones 
Opes Ona} 0.14 
O.14 0.13 0.13 
Total 0.40 0.39 0.40 
Ave. Oo245 Oe Osis3 
Fuel Pressure = 4.75 1b./sq.in. 
Concave Round Flat 
0.20 0.18 0.19 
0.20 0.18 0.20 
O.2r 0.18 0.20 
0.20 0.19 0.20 
0.128 0.19 0.20 
Q.20 0.20 Total 0.99 
Total #19 0.20 
0.19 Avg. 0.198 
Ave. 0.198 0.18 
0.19 


Total 1.88 


Ave. QO.188 








Amo 


Fuel Pressure = 8.75 1d./s8q.in. 
Concave Round Flat 
0.28 0.27 9.30 
0 26 0 2a7 0.29 
0.28 0.24 0.29 
0.29 0.27 0.28 
O59, Ones 0.29 
0.26 Total Megs 0.29 
Total 1.71 : 0.28 
Avg. 0.260 0.28 
Avg. 07205 Total 2. 30 
Ave. neo} 
Fuel Pressure = 15 1b./sq.in. 
Concave Round Flat 
0.45 O.42 0.43 
0.45 0.41 0.47 
0.44 9.42 Q,b5 
0.46 O.42 0.45 
Total 1.80 0.43 0.b5 
Total 2 no 0.45 
Avg. 0.45 Total 2.70 
Avg. O.4e 
Ave. 0.45 
Fuel Pressure = 24 1bd./sq.in. 
Concave Round Flat 
0.175 0.63 Oe75 
0.83 0.68 0.79 
0.79 0.65 0.79 
0.78 0.65 0.77 
Total 3.15 0.64 Total bse 
0.65 
Ave. 0.787 Total 3.90 Avg. Onn 
Avg. 0.65 








Fuel Pressure = 30 1bd./ 








ep eA eee 


SS ea SS dl a 


2.5 1v./eq in. 


tf 


Fuel Pressure No reading 


Fuel Pressure = 5 1lb./sq. in. No reading 
Fuel Pressure = 8 1b./eq.in. 
Concave Round Flat 
0.060 0.075 0.065 
0.065 0.075 0.065 
0.070 0.075 0.065 
0.08 0.075 Total 0.195 
Total One 0.300 
Avg. 0.065 
Avge. 0.065 0.075 
Fuel Pressure = 15 1b /aq.in. 
Concave Round Flat 
Omit 0.115 Ove 
Ot ® ua 0, 16 
0.10 0.110 0.10 
0.10 Total 0,320 0.10 
Total 0.42 Total 0.41 
Ave. 0.110 
AVE. 0.102 Ave. oe here) 








Fuel Pressure = 


Total 


Avg. 


Concave 


Osa 
0.45 


O-t 


0.15 


Fuel Pressure = 


Total 


Avg. 


Concave 


0.190 
0. 200 
0.295 


0.190 
0.775 


0.193 


Fuel Pressure = 


Total 


Ave. 


Concave 


0 
0 


O 


29 
eo 
OF 


0.29 
0.29 


20 1b./8q. in. 


Round 


24 1b./sq.in. 


Round 


0.23 
One 
Ouse 


Ome 
0.895 


0.224 


30 1b. /sq.in. 


Round 


0.36 
0.36 
0. 355 

6 


i> 5 
Total i 


Avé. 


0.36 


Total 


Avg. 


Flat 


0.195 
0.19 
0.19 
0.575 


0.1916 
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FUEL FLOW CALIBRATION 


Record of times required for one pound of fuel to flow through 








burner for a given fuel pressure in the fuel line. 


er 


Fuel Pressure = 40 1b./sq. in. 
min. sec. seconds 
4 HY 287 w/sec = i = 0.00348 
\ 45 285 286.7 
ly 45 285 
Yy 50 ae 
Total 1147 
Avg. 286.7 
‘Fuel Pressure = 35 1b./sq. in. 
min. sec. seconds 
\ 
5 08 308 w/sec = 1 = 0.003235 
5 06 306 309 
5 12 312 
5 10 310 
Total 123 
Avg. 309 


Fuel Pressure = 30 lv. /sq. in. 


min. gec. seconds 
6 O7 367 w/sec = 1 = 0.00271 
6 10 370 369 
6 10 370 
Total 1107 


Avg. 369 








Fuel Pressure 


min. sec. 
6 LO 
T 08 
1 00 
6 Lg 


Fuel Pressure 


min, sec. 


Ra nRnmn 
O 
nn 


Fuel Pressure 


min. gec. 


9 » 
10 05 
10 ol 


= 24 1d./eq.in. 


seconds 


400 
42g 
420 
Los 
1656 


Ave. 414 


Total 


= 20 1b./sq.in. 


seconds 


515 
485 
483 
1 
Total 2000 


Ave. 500 


= 15 1d, /sq. in. 


seconds 


395 
605 
601 
1801 


Avg. 600 


Total 


w/seec = 1 = O.002415 
1 

w/sec = 1 = 0.0020 
500 

w/sec = 1 = 0.00166 
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Record of times required for one half pound of fuel to flow through 


burner for a given fuel preseure in the fuel line. 


Fuel Pressure = 8.75 lv./sq.in. 
min, sec. seconds 
6 07 367 
6 05 365 
6 10 fe) 


ae rie) 
Total 1102 


Avg. 367.3 


Fuel Pressure = 4.5 1b./sq.in. 


min. sec. seconds 
q 46 466 
q 50 470 
7 45 465 
7 4O 460 
Total 1861 

Avge. 465.2 

Fuel Pressure = 2 1b./sq.in. 

min. sec. seconds 
g 47 527 
10 05 605 


Total 1132 


Ave. 566 


w/sec = -— = 0.001361 


tt 


w/sec 


0.5 = 0.001073 
165.2 


w/sec = Lee = 0.000883 
5 





i Air Doe 
Refer to "Mietory ef Orifice “etere and the Galibratien, 


Censtruction, and Overation of Urifices for Aetering - 1975,* coll lebed 
by the A,..%, Aleo to Kerke Handbook, 








The expression for the veleme rate of flew {s 
Re YRECA V2 eh 


= £.7/s00. 

™ eomuressi bli ity 

= eoofficient ef discharge 

. throat areca 28.7 

= differential head in ft. of measured 
fluié (sesditions at upstreas tay) 


cre = uw we 
r) 


Oriffiee diasscter * 1.571 ftaches 
Pipe dianeter = 3.90 inehes 


“ee 


\epaning that the average velocity tering the experiscent will 
be 75 ft. /aeo. and that the denelty end viecosity of the combustion 



















a ee er oe 
aie _ — et a cee @ 


omen ap 


< 8 eo he me oe i) 








Torr. Lo 


was) on ’ 

a + + : 

one eee phe +S 
ee 

-— on 4 

—— - « qa a SS 4 


ee ee 


fae > ei ple 
a a 


mixztere acproxiaate the valaes for sir, 





Far AB * G.5103 and i, * o.estex 10°, from the table 
page ' of the 4.5.8.4, publication, 


KE = BS «© @¢,604 for the orifices ured. 


one inch of water, hence 


= wertnee = 
° ent 
anh therefore ¥ = 1.6 
wsbstitubing theses valuge inte the equation for ¢ 
q = 0-626 «2aBh x6.05 (26 
1 


@ = 6.064 J/Ak 


To convert Ab in inches of weta? to feet cf alr, mitinly yy 
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te converts G4 = ft.°/see. to w./seo. = 1v./sea. 
mailtioly ty the density tn x. /te.? 2 6.0782 


tie: 


fo gonvert w,p/sec. %6 “png, divide ty the fuel density 
ta We./t.> = 1.96x 0.07651 = 9.1195 


wy/ seo. 
0.1195 . Feel 


The qouputetions sre shown fn the following tables. 
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Object: to obtain values of Q at blow-off for various values 


of w/w, fuel-toair ratio. Explanation of symbols and method of 


computation is in foregoing pages. 


Lean Mixtures 


P Ab Ah ty 


lb./in.* in.H,O ft.air JAh ft/sec.  ft.>/sec. 


2.5 0.00712 

4.75 0.188 12.3 3.51 0.225 0.00898 

8.75 0.266 18.1 4.24 0.272 0.01146 
15.0 0.42 28.6 5.35 0.343 0.0148 
24.0 0.65 Wye 6.65 0.426 0.0198 
30.0 0.85 57.8 7.60 0.487 0.0231 

" w/ sec w/ sec ve, 
1b. /in.? air fuel 

2.5 0.00085 

4.75 0.01725 0.001073 0.0622 

8.75 0.02085 0.001370 0.0657 

15.0 0.0263 0.00177 0.0672 

24.0 0.0326 0.00237 0.0727 

30.0 0.0373 0.00276 0.0740 


° otal 
ft.>/sec. 


0.233 
0.282 
0.358 
O. 446 
0.510 








Rich Mixtures 


*f 4» - Tray ene) “total 
1b./in,* in. H.0 ft.air VAh et. Meee. ft.’ /see. ft.?/sec. 
Z.0 0.075 10 2.26 = 0.145 0.01095 0.156 
15.0 0.110 se 862.78 0.166 0.0148 0.1828 
20.0 0.150 2 3.16 0.2045 0.0176 0.2221 
24.0 0.27 8 Yl 0.263 0.0198 0.2828 
30.0 0. 360 5 4.95 0.317 0.9231 0.3401 
35.0 0.5275 9 5.99 0.384 0.0259 0.4099 

w/ sec w/ sec 
W/W, 
air fuel 
0.0111 0.00132 0.119 
“0.0140 0.00177 0.1265 
0.01565 0.0021 0.1341 
0.0215 0.00237 O.UETT 
0.024 0.00276 0.1135 
0.029 0.0031 0.1055 
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Tabulation of Computations for the Flat-end Rod 


Object: to obtain values of Q at blow-off for various values 


of we/w,. fuel-to-air ratio. Explanation of symbols and method of 


computation is in foregoing pages. 


Lean Mixtures 


Fe Ak Ah Qair Cred otal 
lb./in.* 4in.H,O ft.air Jn» ft.’ feed. re. ?/ es. ft.°/sec. 
2.5 0.133 9.04 3.01 0.193 0.00712 
4.75 0.198 13.48 3.67 0.235 0.00898 0.243 
8.75 0.287 19.55 4.42 0.283 0.01146 0.294 
15.0 0.45 30.60 5.53 0.354 0.0148 0.358 
24.0 0.775 52.70 7.26 0.465 0.0198 0.485 
30.0 1.003 68.20 8.26 0.530 0.0231 0.553 
Pp Be /sec 
> w/sec w ye, 
1b./in.? air fuel 
2.5 0.01478 0.00085 
4.75 0.0180 0.001073 0.0596 
8.75 0.02165 0.001370 0.0633 
15.0 0.0271 0.00177 0.0672 
24.0 0.0356 0.00237 0.0666 
30.0 0.0406 0.00276 0.0680 








Ba] 


Rich Mixtures 


P 
f ae “ Xair Seuel “vere 


1b./in,? in.H,0 ft.air VAh ft.°/sec. ft.>/sec. ft.°/eec. 


15.0 0.103 1.9 2.545 0.163 0.0148 0.1778 
20.0 0.150 10.2 3.19 0. 2045 0.0176 0,2221 
24.0 0.1916 13.02 3.61 0.231 0.0198 0.2508 
30.0 0.29 19.7 uy 0.2845 0.0231 0.3076 
35.0 0. 38 25.85 5.09 0.326 0.0259 0.3519 

Pp ; 

f w/ 8e6 w/sec wd 

1b. /in.® air fuel 7 

15.0 0.0128 0.00177 0.142 

20.0 0.01565 0.0021 0.1341 

24.0 0.0177 0.00237 0.1340 

30.0 0.0218 0.00276 0.1265 

35.0 | 0.025 0.0031 0.124 





Tabulation of Computations for Concave-end Rod 


Object: to obtain values of Q at blow-off for various values 
of We/ Wo» fuel-to-air ratio. Explanation of symbols and method of 


computation is in foregoing pages. 


Lean Mixtures 


P Ah Ah 
f ae ‘ua ye 
a z 
io.) in.” in.H.0 tear ine ft.~/sec. Lee eee £t.°/aec. 
2.5 0.00712 
4,75 0.192 13,1) - 3662 onre Y 0.00898 9,240 
8.75 0.285 19.3 u. 40 0.282 0.01146 0.293 
25.0 0.45 30.6 5.53 0.354 0.0148 0.369 
2.0 0.787 5 oem (a 0.469 0.0198 0.489 
30.0 10 68.0 8.25 0.528 0,0231 0.551 
MS w/66C w/ Bec 
f w/w. 
ney /in.* air ruel 
2.5 0.00085 
4.75 0.0178 0.001673 0.0002 
8.75 0.0216 0.001379 0.9634 
5.0 0.0271 O.0015 7 0.0653 
24.0 0.03745 0.00237 0.0633 
30.0 0.0404 0.00276 0.0683 








0.102 
0.150 
0.193 
0.290 
0.330 


w/ sec 


air 


0.01244 
.01565 
U178 
.0218 
025 


OOOO 


Rich Aixturss 


Ah 
fb UY 


6.94 
10.20 
13.2180 
19.70 
25.85 


w/ sec 


fuel 


0.00177 
0.0021 
0.00237 
0.00276 
0.0031 


JA a ft.-/sec, 


ear 9) 
3.190 
. 620 
J 44 


509 


We/w 


0... 
0.1341 
0.1332 
0.1265 
Owbeu 


) 


Fee tn 


0.1625 
0.2045 
0.232 
9.284 
0.326 


OG O © 


a 
3/ sec. 


.O148 
.0176 
.0198 
0231 
.0259 


Q 
total 


ft 


OOO0 0 


hei oy 


Ba is 
.2221 
. QUO 
3076 
iB529 


B~9 
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